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(57) ABSTRACT

According to one embodiment, a manufacturing method of
a magnetic memory device, includes obtaining first and
second magnetic fields for each of magnetoresistive effect
elements, defining a group of the elements, for the first and
second magnetic fields of the elements in the group, a
highest first magnetic field being lower than a lowest second
magnetic field, and a difference between the highest first
magnetic field and the lowest second magnetic field being
greater than a predetermined difference, determining a maxi-
mum applied magnetic field higher than the highest first
magnetic field and lower than the lowest second magnetic
field, and obtaining magnetic characteristics for each of the
elements in the group by applying a magnetic field decreas-
ing from the maximum applied magnetic field after the
magnetic field is increased up to the maximum applied
magnetic field.

21 Claims, 9 Drawing Sheets
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MANUFACTURING METHOD OF
MAGNETIC MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 62/046,032, filed Sep. 4, 2014, the entire
contents of which are incorporated herein by reference.

FIELD

Embodiments described herein relate generally to a manu-
facturing method of a magnetic memory device.

BACKGROUND

A magnetic memory device in which magnetoresistive
effect elements are formed on a semiconductor substrate is
proposed. In the magnetic memory device, magnetic char-
acteristics of elements must be evaluated.

However, in the past, the magnetic characteristics of the
elements were hard to appropriately evaluate in a short time.
Thus, a method for appropriately evaluating the magnetic
characteristics of the elements in a short time has been
desired.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a sectional view schematically showing a first
basic structural example of a magnetoresistive effect ele-
ment included in a magnetic memory device according to a
first embodiment.

FIG. 2 is a sectional view schematically showing a second
basic structural example of the magnetoresistive effect ele-
ment included in the magnetic memory device according to
the first embodiment.

FIG. 3 is a sectional view schematically showing a
structure of the magnetic memory device according to the
first embodiment, including an MTJ element.

FIG. 4 is a circuit diagram showing a structure of the
magnetic memory device according to the first embodiment,
including the MTJ element.

FIG. 5 schematically shows major loop characteristics of
the MTJ element according to the first embodiment.

FIG. 6 schematically shows minor loop characteristics of
the MTJ element according to the first embodiment.

FIG. 7 is a flowchart showing a manufacturing method of
the magnetic memory device according to the first embodi-
ment (characteristics evaluation method of the magnetic
memory device).

FIG. 8 is a figure for describing the method of the first
embodiment.

FIG. 9 is a figure for describing the method of the first
embodiment.

FIG. 10 is a flowchart showing part of the manufacturing
method of the magnetic memory device according to a
modified example of the first embodiment (characteristics
evaluation method of the magnetic memory device).

FIG. 11 is a flowchart showing a manufacturing method
of'a magnetic memory device according to a second embodi-
ment (characteristics evaluation method of the magnetic
memory device).

FIG. 12 is a figure for describing the method of the second
embodiment.

FIG. 13 is a figure for describing the method of the second
embodiment.
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2

FIG. 14 is a flowchart showing a first method when the
method described in the first embodiment is incorporated
into the manufacturing method of the magnetic memory
device.

FIG. 15 is a flowchart showing a second method when the
method described in the first embodiment is incorporated
into the manufacturing method of the magnetic memory
device.

FIG. 16 is a flowchart showing a first method when the
method described in the second embodiment is incorporated
into the manufacturing method of the magnetic memory
device.

FIG. 17 is a flowchart showing a second method when the
method described in the second embodiment is incorporated
into the manufacturing method of the magnetic memory
device.

FIG. 18 is a flowchart showing a method of adjusting an
operation parameter of a magnetoresistive effect element
based on the method described in the first or second embodi-
ment.

DETAILED DESCRIPTION

In general, according to one embodiment, a manufactur-
ing method of a magnetic memory device comprising a
plurality of magnetoresistive effect elements, each of which
comprises a storage layer, a reference layer and a tunnel
barrier layer provided between the storage layer and the
reference layer, when an applied magnetic field is increased,
the magnetoresistive effect elements being in a first resis-
tance state if the applied magnetic field is lower than a first
magnetic field, the magnetoresistive effect elements being in
a second resistance state having a resistance greater than a
resistance of the first resistance state if the applied magnetic
field is higher than the first magnetic field and lower than a
second magnetic field, and the magnetoresistive effect ele-
ments being in a third resistance state having a resistance
less than the resistance of the second resistance state if the
applied magnetic field is higher than the second magnetic
field. The method includes: obtaining the first and second
magnetic fields for each of the magnetoresistive effect
elements; defining a group of the magnetoresistive effect
elements, for the first and second magnetic fields of the
magnetoresistive effect elements in the group, a highest first
magnetic field being lower than a lowest second magnetic
field, and a difference between the highest first magnetic
field and the lowest second magnetic field being greater than
apredetermined difference; determining a maximum applied
magnetic field higher than the highest first magnetic field
and lower than the lowest second magnetic field; and
obtaining magnetic characteristics for each of the magne-
toresistive effect elements in the group by applying a mag-
netic field decreasing from the maximum applied magnetic
field after the magnetic field is increased up to the maximum
applied magnetic field.

Various embodiments will be described hereinafter with
reference to the accompanying drawings.

(First Embodiment)

FIG. 1 is a sectional view schematically showing a first
basic structural example of a magnetoresistive effect ele-
ment included in a magnetic memory device according to
this embodiment. It should be noted that since the magne-
toresistive effect element is sometimes called a magnetic
tunnel junction (MTJ) element, the magnetoresistive effect
element is hereinafter called an MTJ element in the follow-
ing description.
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As shown in FIG. 1, a magnetoresistive effect element
(MT1 element) 10 comprises a storage layer 11, a reference
layer 12 and a tunnel barrier layer 13 provided between the
storage layer 11 and the reference layer 12. Further, the MTJ
element 10 comprises a shift cancelling layer 14, an under-
layer 15 and a cap layer 16. In this basic structural example,
the shift cancelling layer 14 is provided on an upper layer
side. Thus, the reference layer 12 is provided between the
tunnel barrier layer 13 and the shift cancelling layer 14.

FIG. 2 is a sectional view schematically showing a second
basic structural example of the magnetoresistive effect ele-
ment included in the magnetic memory device according to
this embodiment.

As shown in FIG. 2, the MTJ element (magnetoresistive
effect element) 10 of this basic structural example as well as
the above-described first basic structural example comprises
the storage layer 11, the reference layer 12, the tunnel barrier
layer 13, the shift cancelling layer 14, the underlayer 15 and
the cap layer 16. In this basic structural example, the shift
cancelling layer 14 is provided on a lower layer side. Thus,
the storage layer 12 and the underlayer 15 are provided
between the tunnel barrier layer 13 and the shift cancelling
layer 14.

In the above-described first and second basic structural
examples, the storage layer 11 is intended to store binary
information (0 or 1), and has a variable magnetization
direction in a usual operating range. The storage layer 11 is
formed of a magnetic body including at least one of cobalt
(Co) and iron (Fe).

The reference layer 12 is formed of a magnetic body
having a fixed magnetization direction in a usual operating
range. The reference layer 12 is formed of a magnetic body
including at least one of cobalt (Co) and iron (Fe).

The tunnel barrier layer 13 is formed of a non-magnetic
body having insulation properties. Specifically, the tunnel
barrier layer 13 is formed of MgO.

The shift cancelling layer 14 is intended to apply a
magnetic field having a direction opposite to that of a
magnetic field applied from the reference layer 12 to the
storage layer 11 to the storage layer 11. The shift cancelling
layer 14 is formed of a magnetic body including at least one
of cobalt (Co) and iron (Fe).

The underlayer 15 is formed of a metal compound. For
example, a material containing a metal element and at least
one of oxygen and nitrogen is used for the underlayer 15.

The cap layer 16 is formed of a metal layer. Specifically,
the cap layer 16 is formed of a metal layer including at least
one of tantalum (Ta), platinum (Pt), ruthenium (Ru) and
tungsten (W).

The above-described MTJ element 10 is a magnetic
element having perpendicular magnetization. That is, the
magnetization directions of the storage layer 11, the refer-
ence layer 12 and the shift cancelling layer 14 are perpen-
dicular to the surfaces of these layers. If the magnetization
direction of the storage layer 11 and that of the storage layer
12 are parallel to each other, the MTJ element 10 attains a
low-resistance state. If the magnetization direction of the
storage layer 11 and that of the storage layer 12 are anti-
parallel to each other, the MTJ element 10 attains a high-
resistance state. The binary information (0 or 1) can be
stored depending on whether the MTJ element 10 is in the
low-resistance state or in the high-resistance state. The
binary information (0 or 1) can be written in accordance with
a direction of a current flowing to the MTJ element 10.

FIG. 3 is a sectional view schematically showing a
structure of the magnetic memory device including the MTJ
element 10 as described above.
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The structure shown in FIG. 3 is provided on a lower area
including a semiconductor substrate (not shown), a select
transistor (not shown), etc.

Alower plug 22 is provided in an interlayer dielectric film
21, and the lower plug 22 is connected to the select transistor
(not shown). A silicon nitride film 23 is formed on the
interlayer dielectric film 21, and a lower electrode 24 is
provided in the silicon nitride film 23.

The MTJ element 10 is provided on the lower electrode
24. As described above, the MTJ element 10 comprises a
stack structure of the storage layer 11, the reference layer 12,
the tunnel barrier layer 13, the shift cancelling layer 14, the
underlayer 15 and the cap layer 16. It should be noted that
the MTJ element 10 shown in FIG. 3 is identical to the MTJ
element 10 shown in FIG. 1 in structure; however, it may be
identical to the MTJ element 10 shown in FIG. 2 in structure.

An upper plug 25 is formed on the cap layer 16. Further,
a silicon nitride film 26 is formed around the MTJ element
10 as a protection film. The upper plug 25 and the silicon
nitride film 26 are surrounded by an interlayer dielectric film
27.

An interlayer dielectric film 28 is formed on the interlayer
dielectric film 27. A bit-line 31 is provided in the interlayer
dielectric film 28. The bit-line 31 is connected to the upper
plug 25.

FIG. 4 is a circuit diagram showing a structure of the
magnetic memory device including the MTJ element 10 as
described above.

As shown in FIG. 4, one end of a select transistor 30 is
electrically connected to one end of the MTJ element 10. A
memory cell is constituted by the MTJ element 10 and the
select transistor 30, and a plurality of memory cells are
arranged in an array. The bit-line 31 is connected to the other
end of the MTJ element 10, and a source line 32 is connected
to the other end of the select transistor 30. Further, a word
line 33 is connected to a gate of the select transistor 30.
Writing and reading can be performed to and from the MTJ
element 10 by controlling the select transistor 30 by a
control signal supplied from the word line 33.

Next, characteristics of the MTJ element 10 (relationship
between an applied magnetic field and resistance) will be
described. Basic characteristics of the MTJ element 10 in
FIG. 1 are identical to that in FIG. 2.

FIG. 5 schematically shows major loop characteristics of
the MTJ element 10. FIG. 6 schematically shows minor loop
characteristics of the MTJ element 10. Both of the major
loop characteristics and the minor loop characteristics rep-
resent magnetic hysteresis characteristics of the MTIJ ele-
ment 10. In FIGS. 5 and 6, horizontal axes indicate a
magnetic field (external magnetic field) applied to the MTJ
element 10, and vertical axes indicate resistance of the MTJ
element 10. It should be noted that arrows Al, A2 and A3
shown in the figures indicate magnetization directions of the
storage layer 11, the reference layer 12 and the shift can-
celling layer 14, respectively.

First, the major loop characteristics will be described with
reference to FIG. 5. It should be noted that in FIG. 5, a
resistance in the low-resistance state is described to be
different between a time when the magnetic field increases
and a time when the magnetic field decreases for conve-
nience; however, in reality, the resistance in the low-resis-
tance state is not substantially different between the time
when the magnetic field increases and the time when the
magnetic field decreases.

As shown in FIG. 5, measurement is started in a state
where a magnetic field in a negative direction is applied to
the MTJ element 10. The magnetization direction of the
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storage layer 11 is parallel to that of the reference layer 12
when the measurement is started. After the measurement is
started, the applied magnetic field is increased toward a
positive direction.

If the applied magnetic field is lower than a first magnetic
field Hsw1, the magnetization direction of the storage layer
11 is parallel to that of the reference layer 12. Thus, if the
applied magnetic field is lower than the first magnetic field
Hswl, the MTJ element 10 is in a first resistance state
(low-resistance state).

When the applied magnetic field is increased and the
applied magnetic field becomes higher than the first mag-
netic field Hsw1, the magnetization direction of the storage
layer 11 is reversed. As a result, the magnetization direction
of the storage layer 11 becomes antiparallel to that of the
reference layer 12. When the applied magnetic field is
further increased and the applied magnetic field becomes
higher than a second magnetic field Hsw2, the magnetiza-
tion direction of the reference layer 12 is also reversed. As
a result, the magnetization direction of the storage layer 11
becomes parallel to that of the reference layer 12.

As can be seen from the above, if the applied magnetic
field is higher than the first magnetic field Hsw1 and lower
than the second magnetic field Hsw2, the MTJ element 10
is in a second resistance state (high-resistance state) having
a resistance greater than that of the first resistance state
(low-resistance state). Further, if the applied magnetic field
is higher than the second magnetic field Hsw2, the MTJ
element 10 is in a third resistance state (low-resistance state)
having a resistance less than that of the second resistance
state (high-resistance state). Usually, the resistance in the
third resistance state (low-resistance state) is equal to that in
the first resistance state (low-resistance state).

After the applied magnetic field reaches a maximum
applied magnetic field, the applied magnetic field is
decreased. When the applied magnetic field becomes lower
than third magnetic field Hsw3, the magnetization direction
of the storage layer 11 is reversed. As a result, the magne-
tization direction of the storage layer 11 becomes antipar-
allel to that of the reference layer 12, and the MTJ element
10 attains a fourth resistance state (high-resistance state).
Usually, the resistance of the fourth resistance state (high-
resistance state) is equal to that of the second resistance state
(high-resistance state). When the applied magnetic field is
further decreased and the applied magnetic field becomes
lower than fourth magnetic field Hsw4, the magnetization
direction of the reference layer 12 is also reversed. As a
result, the magnetization direction of the storage layer 11
becomes parallel to that of the reference layer 12, and the
MT]J element 10 returns to the first resistance state (low-
resistance state).

Next, the minor loop characteristics will be described
with reference to FIG. 6. It should be noted that in FIG. 6,
a resistance in the low-resistance state is described to be
different between a time when the magnetic field increases
and a time when the magnetic field decreases for conve-
nience; however, in reality, the resistance in the low-resis-
tance state is not substantially different between the time
when the magnetic field increases and the time when the
magnetic field decreases.

To obtain the above-described major loop characteristics,
the magnetic field is applied to the MTJ element 10 up to the
magnetic field higher than the second magnetic field Hsw2.
To obtain the minor loop characteristics, the magnetic field
is applied up to the magnetic field higher than the first
magnetic field Hswl and lower than the second magnetic
field Hsw2.
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As shown in FIG. 6, measurement is started in a state
where a magnetic field in a negative direction is applied to
the MTJ element 10. When the measurement is started, the
magnetization direction of the storage layer 11 is parallel to
that of the reference layer 12. After the measurement is
started, the applied magnetic field is increased toward a
positive direction.

If the applied magnetic field is lower than magnetic field
Hcl, the magnetization direction of the storage layer 11 is
parallel to that of the reference layer 12. Thus, if the applied
magnetic field is lower than magnetic field Hel, the MTJ
element 10 is in the low-resistance state. It should be noted
that magnetic field Hel is equal to the first magnetic field
Hsw1 of the major loop characteristics.

When the applied magnetic field is increased and the
applied magnetic field becomes higher than magnetic field
Hcl, the magnetization direction of the storage layer 11 is
reversed. As a result, the magnetization direction of the
storage layer 11 becomes antiparallel to that of the reference
layer 12. After that, the magnetic field is applied up to a
maximum applied magnetic field higher than the first mag-
netic field Hsw1 of the major loop characteristics and lower
than the second magnetic field Hsw2.

After the applied magnetic field reaches the maximum
applied magnetic field, the applied magnetic field is
decreased. Then, when the applied magnetic field becomes
lower than magnetic field Hc2, the magnetization direction
of the storage layer 11 is reversed. As a result, the magne-
tization direction of the storage layer 11 becomes parallel to
that of the reference layer 12, and the MTJ element 10
returns to the low-resistance state.

To acquire characteristics (parameter) finally necessary in
characteristics evaluation of the MTJ element, magnetic
field Hel, magnetic field He2, resistance Rp and resistance
Rap must be obtained from the minor loop characteristics
shown in FIG. 6.

Magnetic field Hel is a magnetic field when the MTJ
element is shifted from the low-resistance state to the
high-resistance state. Magnetic field He2 is a magnetic field
when the MTJ element is shifted from the high-resistance
state to the low-resistance state. Resistance Rp is resistance
of the MTJ element when the applied magnetic field
becomes zero in a case where the applied magnetic field is
being increased. Resistance Rpa is resistance of the MTJ
element when the applied magnetic field becomes zero in a
case where the applied magnetic field is being decreased.

When magnetic field Hel, magnetic field He2, resistance
Rp and resistance Rap are acquired, finally necessary char-
acteristics (parameters) He, Hshift and MR are calculated
from the following equations:

He=(Hcl-He2)/2
Hshift=Hel-He

MR={(Rap-Rp)/Rp}x100

As can be seen from the already-described matters, to
acquire the minor loop characteristics, the maximum applied
magnetic field must be obtained in advance. The maximum
applied magnetic field is a magnetic field between the first
magnetic field Hsw1 and the second magnetic field Hsw2
which are acquired by the major loop characteristics. If the
maximum applied magnetic field is lower than the first
magnetic field Hsw1 or higher than the second magnetic
field Hsw2, the minor loop characteristics cannot be
acquired. Thus, to measure the minor loop characteristics,
the magnetic field between the first magnetic field Hsw1 and
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the second magnetic field Hsw2 must be obtained in advance
as the maximum applied magnetic field.

However, in general, the first magnetic field Hsw1 and the
second magnetic field Hsw2 are different for each MTIJ
element. Thus, it is necessary to obtain the first magnetic
field Hswl and the second magnetic field Hsw2 for each
MT]J element by measuring the major loop characteristics
for each MTIJ element, and to obtain the maximum applied
magnetic field for each MTJ element from the obtained the
first magnetic field Hswl and the second magnetic field
Hsw2. Then, a maximum applied magnetic field different for
each MTIJ element must be set to measure the minor loop
characteristics.

However, it takes a lot of time to set the maximum applied
magnetic field different for each MT1J element to measure the
minor loop characteristics of a plurality of MTJ elements.
Accordingly, the characteristics (parameters) of the MTJ
elements cannot be efficiently acquired in a short time, and
characteristics evaluation of the magnetic memory device
cannot be efficiently performed. Then, a method as described
below is adopted in this embodiment.

FIG. 7 is a flowchart showing a manufacturing method of
the magnetic memory device according to this embodiment
(characteristics evaluation method of the magnetic memory
device).

The following description will be made with reference to
also FIGS. 8 and 9. In FIGS. 8 and 9, nine MTJ elements
(MTI1 to MTI9) are supposed as objects to be measured for
simplification of description. Further, in FIGS. 8 and 9, a
circle indicates the first magnetic field Hsw1 and a square
indicates the second magnetic field Hsw2.

First, the major loop characteristics as shown in FIG. 5 are
measured for each MTJ element (S11). When the major loop
characteristics are measured, the magnetic field higher than
the second magnetic field Hsw2 must be surely applied to
the MTJ element; thus, the magnetic field sufficiently higher
than the second magnetic field Hsw2 is set as a maximum
applied magnetic field.

Next, whether each of the measured major loop charac-
teristics satisfies a predetermined condition or not is deter-
mined (S12). Specifically, whether the resistance of the MTJ
element is between a predetermined low threshold resistance
and a predetermined high threshold resistance or not is
determined. If the resistance of the MTJ element (resistance
in the low-resistance state) is less than the low threshold
resistance (for example, 500 Q), the MTJ element is likely
to have a short-circuit defect. Further, if the resistance of the
MT]J element (resistance in the high-resistance state) is
greater than the high threshold resistance (for example, 1
MQ), the MTJ element is likely to have an open defect.
Thus, determination as described above is performed.

If the major loop characteristics of the MTJ element do
not satisfy the predetermined condition, it is considered that
the MTJ element has a defect, and the minor loop charac-
teristics are not measured (S13). In the example of FIG. 8,
two MTJ elements (MTJ7 and MTJ8) do not satisty the
predetermined condition. Thus, the two MTJ elements
(MTIJ7 and MTJ8) are excluded from the measurement of
the minor loop characteristics.

The following steps are executed for the MTJ elements in
which the major loop characteristics satisfy the predeter-
mined condition.

First, the first magnetic field Hsw1 and the second mag-
netic field Hsw2 are obtained for each of a plurality of MTJ
elements (S14). That is, the first magnetic field Hsw1 and the
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second magnetic field Hsw2 are obtained for each MTIJ
element from each major loop characteristic of each MTJ
element.

Next, a group of MTJ elements is defined (S15). In the
defined group, the highest first magnetic field Hsw1l (max)
is lower than the lowest second magnetic field Hsw2 (min),
and the difference between the highest first magnetic field
Hswl (max) and the lowest second magnetic field Hsw2
(min) is greater than a predetermined difference with respect
to the first magnetic field Hswl and the second magnetic
field Hsw2 of the MTJ element in the group. The predeter-
mined difference is a certain value greater than zero. A
specific method of defining the group of MTJ elements will
be described below.

First, the lowest second magnetic field Hsw2 (min) is
determined from the second magnetic field Hsw2 obtained
by the measurement of the major loop characteristics
(S15a). It should be noted that in this case, MTJ elements
(MTJ7 and MTI8) determined not to satisfy the predeter-
mined condition in step S12 are excluded from the deter-
mination. In the example shown in FIG. 8, MTJ1 has the
lowest second magnetic field Hsw2 (min).

Next, the MTJ element satistying the predetermined con-
dition is selected (S155). Specifically, the MTJ element in
which the first magnetic field Hsm1 obtained by the mea-
surement of the major loop characteristics is lower than the
lowest second magnetic field Hsw2 (min) and the difference
between the first magnetic field Hsm1 and the lowest second
magnetic field Hsw2 (min) is greater than the predetermined
difference is selected. For example, the predetermined dif-
ference is set 100 (Oe). That is, the MTJ element satisfying
the following condition is selected:

Hswl+100<Hsw2(min)

in the example of FIG. 8, three MTJ elements (MTJ1 to
MT1J3) satisfy the above predetermined condition, and are
selected. The group of MTJ elements is defined in above-
described steps S15a and S155. In the example of FIG. 8, a
group including the three MTJ elements (MTJ1 to MTJ3) is
defined. In the defined group, MTJ2 has the highest first
magnetic field Hsw1 (max), and MTJ1 has the lowest second
magnetic field Hsw2 (min). Then, the highest first magnetic
field Hsw1 (max) is lower than the lowest second magnetic
field Hsw2 (min), and the difference between the highest
first magnetic field Hswl (max) and the lowest second
magnetic field Hsw2 (min) is greater than the predetermined
difference (100 (Oe)).

Next, a magnetic field higher than the above-described
highest first magnetic field Hsw1 (max) and lower than the
lowest second magnetic field Hsw2 (min) is determined as
a maximum applied magnetic field (S16). This maximum
applied magnetic field corresponds to a maximum magnetic
field applied to the MTJ element when the minor loop
characteristics are measured. For example, a magnetic field
Hmid located midway between Hswl (max) and Hsw2
(min) is determined as the maximum applied magnetic field.
In this case, the following relationship is established:

Hmid=(Hswl(max)+Hsw2(min))/2

Next, the minor loop characteristics as shown in FIG. 6 are
measured for each MTJ element (S17). Specifically, the
magnetic characteristics (magnetic hysteresis characteris-
tics) are obtained for each of the MTJ elements (MTJ1 to
MT1J3) in the group defined as described above by applying
the magnetic field decreasing from the maximum applied
magnetic field (intermediate magnetic field Hmid) after the
magnetic field is increased up to the maximum applied
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magnetic field (intermediate magnetic field Hmid). Mag-
netic field Hcl, magnetic field He2, resistance Rp and
resistance Rap are obtained for each MTIJ element in the
group from the measured minor loop characteristics. Next,
finally necessary characteristics (parameters) He, Hshift and
MR are calculated for each MTJ element in the group using
the measurement result of the minor loop characteristics
(S18).

Next, current-voltage characteristics (IV characteristics),
etc., are measured for each MTJ element in the group based
on the calculated characteristics (parameter) He, Hshift and
MR (S19). For example, the current-voltage characteristics
(IV characteristics), etc., are measured with such a magnetic
field where Hshift is cancelled applied to the MTJ element.

In such a manner, the necessary characteristics are
acquired for each of the MTJ elements (MTJ1 to MTJ3) in
the group. The minor loop characteristics are measured for
the MTJ elements (MTI1 to MTIJ3) in the group using a
common maximum applied magnetic field (intermediate
magnetic field Hmid). Thus, since the maximum applied
magnetic field (intermediate magnetic field Hmid) need not
be set for each MTJ element, the characteristics of the MT]J
element can be efficiently acquired in a short time.

Next, a new group of MTJ elements which do not belong
to the group defined in step S15 is defined in a manner
similar to the method described in step S15, and steps
similar to S16 to S19 are executed (S20). Specific steps will
be described below.

In above-described steps S11 to S19, MTJ7 and MTJ8 are
excluded from measurement, and the measurement of MTJ1
to MTJ3 is terminated. Accordingly, as shown in FIG. 9,
MTJ4 to MTJ6 and MTJ9 are left as objects to be measured.
Thus, a new group is defined for the four MTJ elements
(MTJ4 to MTJ6 and MTJ9) in a manner similar to step S15.

In the example of FIG. 9, a new group including three
MT]J elements (MTJ4 to MTI6) is defined. In the defined
new group, MTJ5 has a new highest first magnetic field
Hsw1 (max) and a new lowest second magnetic field Hsw2
(min). Further, the difference between the new highest first
magnetic field Hswl (max) and the new lowest second
magnetic field Hsw2 (min) is greater than the predetermined
difference (100 (Oe)).

Steps similar to S16 to S19 are executed for the new group
defined in this manner.

First, in step S16, a new maximum applied magnetic field
higher than the new highest first magnetic field Hsw1 (max)
and lower than the new lowest second magnetic field Hsw2
(min) is determined. For example, a magnetic field Hmid
located midway between new Hswl (max) and new Hsw2
(min) is determined as the new maximum applied magnetic
field.

Next, in step S17, minor loop characteristics as shown in
FIG. 6 are measured for each MTJ element in the new group.
That is, magnetic characteristics (magnetic hysteresis char-
acteristics) are obtained for each of the MTIJ elements
(MTJ4 to MTJ6) in the new group by applying the magnetic
field decreasing from the new maximum applied magnetic
field (intermediate magnetic field Hmid) after the magnetic
field is increased up to the new maximum applied magnetic
field (intermediate magnetic field Hmid). This causes mag-
netic field Hcl, magnetic field He2, resistance Rp and
resistance Rap to be obtained for each MTJ element in the
new group.

Processing similar to the already-described processing is
executed also in steps S18 and S19.

In such a manner, necessary characteristics are acquired
for each of the MTJ elements (MTJ4 to MTJ6) in the new
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10
group. Minor loop characteristics are measured for each of
the MTJ elements (MTI4 to MTIJ6) in the group using a
common new maximum applied magnetic field (intermedi-
ate magnetic field Hmid).

After the above-described processing is executed, only
MTIJ9 is left as the MTJ element in which the measurement
of the minor loop characteristics is not executed. Thus, the
group of MTJ9 is defined as a further new group, and
processing similar to the above-described processing is
executed for the group of MTJ9.

In such a manner, the measurement of the minor loop
characteristics is executed for all the MTJ elements (MTJ1
to MTJ6 and MTJ9) except for the MTJ elements (MTJ7 and
MT1I8) excluded from the objects to be measured, and the
necessary characteristics are acquired using the measure-
ment result of the minor loop characteristics.

As described above, in this embodiment, the minor loop
characteristics can be measured for the MTJ elements in the
group using the common maximum applied magnetic field.
Accordingly, the maximum applied magnetic field need not
be set for each MTJ element. Thus, the characteristics of the
MT]J elements can be efficiently acquired in a short time, and
characteristics evaluation of the magnetic memory device
can be efficiently performed. Further, in this embodiment,
the minor loop characteristics are measured in order from
groups having smaller maximum applied magnetic fields.
Thus, the characteristics evaluation can be efficiently per-
formed also from this viewpoint.

It should be noted that in the above-described embodi-
ment, the MTJ element satisfying the predetermined condi-
tion is selected in step S155 to set the group of MTJ elements
in step S15 after the lowest second magnetic field Hsw2
(min) is determined in step S15a; however, the MTJ element
satisfying the predetermined condition may be selected after
the highest first magnetic field Hsw1 (max) is determined.

FIG. 10 is a flowchart showing part of the method of the
above-described modified example. It should be noted that
since a basic method is similar to that in the above-described
embodiment, description of the matters described in the
above-described embodiment will be omitted.

In this modified example, after step S14 in FIG. 7 is
executed, the group of MTJ elements is defined in step S15.
A specific method of defining the group of MTJ elements
will be hereinafter described in this modified example.

First, the highest first magnetic field Hswl (max) is
determined from the first magnetic field Hsw1 obtained by
measuring the major loop characteristics (S15¢).

Next, the MTJ element satistying the predetermined con-
dition is selected (S15d). Specifically, the MTJ element in
which the second magnetic field Hsw2 obtained by measur-
ing the major loop characteristics is higher than the highest
first magnetic field Hsw1 (max), and the difference between
the second magnetic field Hsw2 and the highest first mag-
netic field Hswl (max) is greater than the predetermined
difference is selected. For example, the predetermined dif-
ference is set 100 (Oe). That is, the MTJ element satisfying
the following condition is selected:

Hsw2-100>Hswl (max)

The group of MTJ elements is defined by above-described
steps S15¢ and S15d. A subsequent basic step is similar to
that in the above-described embodiment.

In this modified example as well as in the above-described
embodiment, the minor loop characteristics can be measured
for the MTIJ elements in the group using the common
maximum applied magnetic field. Thus, also in this modified
example, the characteristics of the MTJ elements can be
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efficiently acquired in a short time, and the characteristics
evaluation of the magnetic memory device can be efficiently
performed.

It should be noted that in the above-described embodi-
ment and modified example, the group of MTJ elements is
defined in step S15, and steps S16 to S19 are performed for
the defined group. After that, a new group is defined, and
steps S16 to S19 are performed for the defined new group.
That is, steps S16 to S19 are performed for the group defined
every time the group is defined. However, a plurality of
groups may be predefined by repeating step S15, and steps
S16 to S19 may be repeatedly performed for each of a
plurality of groups defined after that.

(Second Embodiment)

Next, a second embodiment will be described. It should
be noted that since basic matters are similar to those in the
above-described first embodiment, description of the matters
described in the first embodiment will be omitted.

In the above-described first embodiment, major loop
characteristics are first measured, and the first magnetic field
Hswl and the second magnetic field Hsw2 are obtained.
When the major loop characteristics are measured, a mag-
netic field higher than the second magnetic field Hsw2 must
be surely applied to an MTJ element; thus, a magnetic field
sufficiently higher than the second magnetic field Hsw2 is
set as a maximum applied magnetic field. However, it is
sometimes difficult to prepare a measuring device which can
generate a sufficiently high magnetic field. The method of
this embodiment allows minor loop characteristics to be
accurately acquired even in such a case.

FIG. 11 is a flowchart showing a manufacturing method
of'a magnetic memory device according to this embodiment
(characteristics evaluation method of the magnetic memory
device).

The following description will be made with reference to
also FIGS. 12 and 13. In FIGS. 12 and 13, nine MTIJ
elements (MTJ1 to MTI9) are supposed as objects to be
measured for simplification of description.

First, a magnetic field applied to the MTJ elements (MTJ1
to MTJ9) is increased, and an applied magnetic field at the
time of shifting is obtained for the MTJ element (specific
MT]J element) first shifted from a first resistance state
(low-resistance state) to a second resistance state (high-
resistance state) (S31). Specifically, for example, in 10 (Oe)
step, the magnetic field applied to the MTJ elements (MTJ1
to MTI9) is increased. Then, the MTJ element in which a
resistance first reaches predetermined times or more (for
example, 1.1 times) of resistance Rmin of the first resistance
state is detected as a specific MTJ element. The applied
magnetic field to the MTJ element when it is detected is
defined as target magnetic field Htarget. In the example of
FIG. 12, MTI3 corresponds to the specific MTJ element.

Next, the magnetic field higher than the applied magnetic
field at the time of shifting is defined as a maximum applied
magnetic field (S32). For example, the magnetic field
obtained by adding the magnetic field of 100 (Oe) to the
applied magnetic field at the time of shifting (target mag-
netic field Htarget) is defined as the maximum applied
magnetic field. This maximum applied magnetic field cor-
responds to the maximum magnetic field applied to the MTJ
element when the minor loop characteristics are measured.

Usually, the above specific MTJ element (MTI3) is kept
in a high-resistance state in the magnetic field obtained by
adding the magnetic field of about 100 (Oe) to the applied
magnetic field at the time of shifting (target magnetic field
Htarget). That is, the above specific MTJ element (MTJ3) is
kept in the second resistance state (high-resistance state)
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when the maximum applied magnetic field is applied. Thus,
the magnetic field obtained by adding the magnetic field of
a predetermined value (100 (Oe)) to the applied magnetic
field at the time of shifting (target magnetic field Htarget) is
defined as the maximum applied magnetic field, and the
minor loop characteristics are measured, as will be described
below. It should be noted that the added magnetic field is not
limited to 100 (Oe), and a desired value can be selected.

Next, the magnetic field applied to the MTJ elements
(MTI1 to MTJ9) is increased up to the maximum applied
magnetic field (S33).

Next, whether the characteristics of the MTJ elements
(MTI1 to MTJ9) satisfy a predetermined condition or not is
determined (S34). Specifically, whether the resistance of
each MTJ element is between a predetermined low threshold
resistance and a predetermined high threshold resistance or
not is determined. If the resistance (resistance in the low-
resistance state) of the MTJ element is less than the low
threshold resistance (for example, 500Q2), the MTJ element
is likely to have a short-circuit defect. Further, if the
resistance (resistance in the high-resistance state) of the MTJ
element is greater than the high threshold resistance (for
example, 1 MQ), the MTIJ element is likely to have an open
defect. Thus, determination as described above is per-
formed.

Ifthe characteristics of the MTJ element do not satisfy the
predetermined condition, it is considered that the MTJ
element has a defect, and a subsequent measurement is not
performed (S35). In the example of FIG. 12, two MTJ
elements (MTJ7 and MTJ8) do not satisfy the predetermined
condition. Thus, the subsequent measurement is not per-
formed for the two MTIJ elements (MTIJ7 and MTIS8).

The following steps are executed for the MTJ elements
satistying the predetermined condition.

First, a group of MTJ elements is defined (S36). The
defined group includes not only the above specific MTJ
element (MTJ3) but also the MTJ element shifted from the
first resistance state (low-resistance state) to the second
resistance state (high-resistance state) by arrival to the
maximum applied magnetic field. In the example shown in
FIG. 12, MT]1 and MTJ2 as well as MTJ3 are included in
the defined group.

Next, minor loop characteristics as shown in FIG. 6 are
measured for each MTJ element (S37). Specifically, the
magnetic characteristics (magnetic hysteresis characteris-
tics) are obtained for each of the MTJ elements (MTJ1 to
MT1J3) in the group defined as described above by applying
the magnetic field decreasing from the maximum applied
magnetic field after the magnetic field is increased up to the
maximum applied magnetic field. Magnetic field Hel, mag-
netic field Hec2, resistance Rp and resistance Rap are
obtained for each MTJ element in the group from the minor
loop characteristics measured in such a manner.

Next, finally necessary characteristics (parameters) Hc,
Hshift and MR are calculated for each MTJ element in the
group using the measurement result of the minor loop
characteristics (S38).

Next, current-voltage characteristics (IV characteristics),
etc., are measured for each MTJ element in the group based
on the calculated characteristics (parameter) He, Hshift and
MR (S39). For example, the current-voltage characteristics
(IV characteristics), etc., are measured with such a magnetic
field where Hshift is cancelled applied to the MTJ element.

In such a manner, the necessary characteristics are
acquired for each of the MTJ elements (MTJ1 to MTJ3) in
the group. The minor loop characteristics are measured for
the MTJ elements (MTJ1 to MTJ3) in the group using the
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common maximum applied magnetic field. Thus, since the
maximum applied magnetic field need not be set for each
MT] element, the characteristics of the MTJ elements can be
efficiently acquired in a short time.

Next, steps similar to S31 to S39 are executed for the MTJ
elements which do not belong to the group defined in step
S36 (S40). Specific steps will be described below.

In above-described steps S31 to S39, MTJ7 and MTJ8 are
excluded from measurement, and the measurement of MTJ1
to MTIJ3 is terminated. Accordingly, as shown in FIG. 13,
MTJ4 to MTJ6 and MTJ9 are left as objects to be measured.
Thus, steps similar to steps S31 to S39 are executed for the
four MTIJ elements (MTJ4 to MTJ6 and MTI9).

First, in step S31, the magnetic field applied to the MTJ
elements (MTJ4 to MTJ6 and MTJ9) which do not belong
to the already-defined group is increased, and a new applied
magnetic field at the time of shifting (new target magnetic
field Htarget) is obtained for a new specific MTJ element
first shifted from the first resistance state (low-resistance
state) to the second resistance state (high-resistance state). A
specific method is similar to the already-described method.
In the example of FIG. 13, MTJ6 corresponds to the specific
MT]J element.

Next, in step S32, a new maximum applied magnetic field
higher than the new applied magnetic field at the time of
shifting is defined (S32). For example, the magnetic field
obtained by adding the magnetic field of 100 (Oe) to the
applied magnetic field at the time of shifting (new target
magnetic field Htarget) is defined as a new maximum
applied magnetic field. This new maximum applied mag-
netic field corresponds to the new maximum magnetic field
applied to the MTJ element when the minor loop charac-
teristics are measured.

Next, in step S33, the magnetic field applied to the MTJ
elements (MTJ4 to MTJ6 and MTI9) is increased up to the
new maximum applied magnetic field (S33).

Next, the processing is shifted to step S34, and whether
the characteristics of the MTJ elements (MTJ4 to MTJ6 and
MT1J9) satisfy the predetermined condition or not is deter-
mined. It should be noted that the MTJ elements (MTJ7 and
MT1I8) which do not satisfy the predetermined condition are
already excluded. Thus, step S34 may be skipped.

Next, in step S36, the new group of MTJ elements is
defined. The defined group includes not only the above
specific MTJ element (MTJ6) but also the MTJ elements
shifted from the first resistance state (low-resistance state) to
the second resistance state (high-resistance state) by arrival
to the maximum applied magnetic field. In the example
shown in FIG. 13, MTJ4 and MTI5 as well as MTI6 are
included in the defined new group.

Next, in step S37, the minor loop characteristics as shown
in FIG. 6 are measured for each MTJ element. Specifically,
the magnetic characteristics (magnetic hysteresis character-
istics) are obtained for each of the MTJ elements (MTJ4 to
MTIJ6) in the new group by applying the magnetic field
decreasing from the new maximum applied magnetic field
after the magnetic field is increased up to the new maximum
applied magnetic field. This causes magnetic field Hcl,
magnetic field He2, resistance Rp and resistance Rap to be
obtained for each MTJ element in the new group.

Processing similar to the already-described processing is
executed also for steps S38 and S39.

In such a manner, the necessary characteristics can be
acquired for each of the MTJ elements (MTJ4 to MTJ6) in
the new group. The minor loop characteristics are measured
for each of the MTJ elements (MTJ4 to MTJ6) in the group
using a common new maximum applied magnetic field.
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After the above-described processing is executed, only
MTIJ9 is left as the MTJ element in which the measurement
of the minor loop characteristics is not executed. Thus, the
group of MTJ9 is defined as a further new group, and
processing similar to the above-described processing is
executed for the group of MTJ9.

In such a manner, the measurement of the minor loop
characteristics is executed for all the MTJ elements (MTJ1
to MTJ6 and MTJ9) except for the MTJ elements (MTJ7 and
MT1I8) excluded from the objects to be measured, and the
necessary characteristics are acquired using the measure-
ment result of the minor loop characteristics.

As described above, in this embodiment, the minor loop
characteristics can be measured for the MTJ elements in the
group using the common maximum applied magnetic field.
Accordingly, the maximum applied magnetic field need not
be set for each MTJ element. Thus, the characteristics of the
MT]J elements can be efficiently acquired in a short time, and
characteristics evaluation of the magnetic memory device
can be efficiently performed.

Further, in this embodiment, the measurement of the
major loop characteristics need not be performed. Accord-
ingly, a sufficiently high magnetic field necessary for the
measurement of the major loop characteristics need not be
generated. Thus, even if it is difficult to prepare a measuring
device which can generate the sufficiently high magnetic
field, the minor loop characteristics can be accurately
acquired.

It should be noted that the method described in the
above-described first embodiment or second embodiment is
incorporated into the manufacturing method of the magnetic
memory device and executed.

FIG. 14 is a flowchart showing a first method when the
method described in the first embodiment is incorporated
into the manufacturing method of the magnetic memory
device.

First, before the method of FIG. 7 is executed, that is,
before the first magnetic field Hsw1 and the second mag-
netic field Hsw2 are obtained for each of a plurality of MTJ
elements (magnetoresistive effect elements), the plurality of
MT]J elements are produced (S51). The plurality of MTJ
elements are, for example, MTJ elements formed on the
same semiconductor wafer.

Next, the step of FIG. 7 is executed for the plurality of
produced MTIJ elements (S52). This causes the necessary
characteristics to be acquired for each of the plurality of
MT]J elements.

FIG. 15 is a flowchart showing a second method when the
method described in the first embodiment is incorporated
into the manufacturing method of the magnetic memory
device.

First, the plurality of MTJ elements (magnetoresistive
effect elements) are produced (S61).

Next, the method of FIG. 7 is executed, and the magnetic
characteristics of the plurality of M'TJ elements are obtained
(S62). The plurality of MTJ elements are, for example, MTJ
elements formed on the same semiconductor wafer.

Next, a plurality of new MTJs are produced based on the
obtained magnetic characteristics (S63). For example,
manufacture parameters of the MTJ elements are properly
changed based on the obtained magnetic characteristics.
Then, the new MTJs are produced using the changed manu-
facture parameters.

FIG. 16 is a flowchart showing a first method when the
method described in the second embodiment is incorporated
into the manufacturing method of the magnetic memory
device.



US 9,449,892 B2

15

First, before the method of FIG. 11 is executed, that is,
before the applied magnetic field at the time of shifting is
obtained for the specific MTJ element (magnetoresistive
effect elements), the plurality of MTJ elements are produced
(871). The plurality of MTJ elements are, for example, MTJ
elements formed on the same semiconductor wafer.

Next, the step of FIG. 11 is executed for the plurality of
produced MTIJ elements (S72). This causes the necessary
characteristics to be acquired for the plurality of MTIJ
elements.

FIG. 17 is a flowchart showing a second method when the
method described in the second embodiment is incorporated
into the manufacturing method of the magnetic memory
device.

First, a plurality of MTJ elements (magnetoresistive effect
elements) are produced (S81).

Next, the method of FIG. 11 is executed, and the magnetic
characteristics of the plurality of MTJ elements are obtained
(S82). The plurality of MTJ elements are, for example, MTJ
elements formed on the same semiconductor wafer.

Next, the plurality of new MTIJs are produced based on
the obtained magnetic characteristics (S83). For example,
the manufacture parameters of the MTJ elements are prop-
erly changed based on the obtained magnetic characteristics.
Then, new MTIJs are produced using the changed manufac-
ture parameters.

As described above, characteristics evaluation of the
magnetic memory device can be efficiently performed, and
the magnetic memory device can be efficiently manufac-
tured by incorporating the method described in the first
embodiment or the second embodiment into the manufac-
turing method of the magnetic memory device and by
executing it.

Further, an operation parameter of the MTJ element may
be adjusted based on the method described in the above-
described first embodiment or second embodiment. FIG. 18
is a flowchart showing a method of adjusting the operation
parameter of the MTJ element.

First, a plurality of MTJ elements are produced (S91).

Next, the method of FIG. 7 or 11 is executed, and the
magnetic characteristics of the plurality of M TJ elements are
obtained (S92). The plurality of MTJ elements are, for
example, MTJ elements formed on the same semiconductor
wafer.

Next, operation parameters of the plurality of magnetore-
sistive effect elements are adjusted based on the obtained
magnetic characteristics (S93). Specifically, an operation
voltage and an operation clock for operating the magnetore-
sistive effect elements are adjusted.

As described above, an appropriate operation of the
magnetic memory device can be secured by adjusting the
operation parameters of the MTJ elements based on the
method described in the first embodiment or the second
embodiment.

While certain embodiments have been described, these
embodiments have been presented by way of example only,
and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied in a variety of other forms; furthermore, various
omissions, substitutions and changes in the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such
forms or modifications as would fall within the scope and
spirit of the inventions.
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What is claimed is:

1. A manufacturing method of a magnetic memory device
comprising a plurality of magnetoresistive effect elements,
each of which comprises a storage layer, a reference layer
and a tunnel barrier layer provided between the storage layer
and the reference layer, when an applied magnetic field is
increased, the plurality of magnetoresistive effect elements
being in a first resistance state if the applied magnetic field
is lower than a first magnetic field, the plurality of magne-
toresistive effect elements being in a second resistance state
having a resistance greater than a resistance of the first
resistance state if the applied magnetic field is higher than
the first magnetic field and lower than a second magnetic
field, and the plurality of magnetoresistive effect elements
being in a third resistance state having a resistance less than
the resistance of the second resistance state if the applied
magnetic field is higher than the second magnetic field,

the method comprising:
obtaining the first and second magnetic fields for each of
the plurality of magnetoresistive effect elements;

defining a group of the plurality of magnetoresistive effect
elements, for the first and second magnetic fields of the
plurality of magnetoresistive effect elements in the
group, a highest first magnetic field being lower than a
lowest second magnetic field, and a difference between
the highest first magnetic field and the lowest second
magnetic field being greater than a predetermined dif-
ference;

determining a maximum applied magnetic field higher

than the highest first magnetic field and lower than the
lowest second magnetic field; and

obtaining magnetic characteristics for each of the plurality

of magnetoresistive effect elements in the group by
applying a magnetic field decreasing from the maxi-
mum applied magnetic field after the magnetic field is
increased up to the maximum applied magnetic field.

2. The method of claim 1, wherein

a magnetization direction of the storage layer is parallel to

a magnetization direction of the reference layer in the
first and third resistance states, and

the magnetization direction of the storage layer is anti-

parallel to the magnetization direction of the reference
layer in the second resistance state.

3. The method of claim 1, wherein

the defining the group of the plurality of magnetoresistive

effect elements comprises:

determining the lowest second magnetic field from the

obtained second magnetic fields; and

selecting a magnetoresistive effect element in which the

obtained first magnetic field is lower than the lowest
second magnetic field, and a difference between the
obtained first magnetic field and the lowest second
magnetic field is greater than the predetermined differ-
ence.

4. The method of claim 1, wherein

the defining the group of the plurality of magnetoresistive

effect elements comprises:

determining the highest first magnetic field from the

obtained first magnetic fields; and

selecting a magnetoresistive effect element in which the

obtained second magnetic field is higher than the
highest first magnetic field, and a difference between
the obtained second magnetic field and the highest first
magnetic field is greater than the predetermined differ-
ence.
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5. The method of claim 1, wherein

the obtaining the magnetic characteristics comprising

obtaining magnetic hysteresis characteristics.

6. The method of claim 1, further comprising

defining a new group of the plurality of magnetoresistive

effect elements which do not belong to the group,
wherein for the first and second magnetic fields of the
plurality of magnetoresistive effect elements in the new
group, a new highest first magnetic field is lower than
a new lowest second magnetic field, and a difference
between the new highest first magnetic field and the
new lowest second magnetic field is greater than a
predetermined difference;

determining a new maximum applied magnetic field

which is higher than the new highest first magnetic field
and lower than the new lowest second magnetic field;
and

obtaining magnetic characteristics for each of the plurality

of magnetoresistive effect elements in the new group by
applying a magnetic field decreasing from the new
maximum applied magnetic field after the magnetic
field is increased up to the new maximum applied
magnetic field.

7. The method of claim 1, wherein

the plurality of magnetoresistive effect elements further

comprise a shift cancelling layer, and

the reference layer is provided between the tunnel barrier

layer and the shift cancelling layer.

8. The method of claim 1, wherein

the plurality of magnetoresistive effect elements further

comprise a shift cancelling layer, and

the storage layer is provided between the tunnel barrier

layer and the shift cancelling layer.

9. The method of claim 1, further comprising

producing the plurality of magnetoresistive effect ele-

ments before the obtaining the first and second mag-
netic fields for each of the magnetoresistive effect
elements.

10. The method of claim 1, further comprising

producing a plurality of new magnetoresistive effect ele-

ments based on the obtained magnetic characteristics
after the obtaining the magnetic characteristics.

11. The method of claim 1, further comprising

adjusting an operation parameter of the plurality of mag-

netoresistive effect elements based on the obtained
magnetic characteristics after the obtaining the mag-
netic characteristics.

12. A manufacturing method of a magnetic memory
device comprising a plurality of magnetoresistive effect
elements, each of which comprises a storage layer, a refer-
ence layer and a tunnel barrier layer provided between the
storage layer and the reference layer, when an applied
magnetic field is increased, the plurality of magnetoresistive
effect elements being in a first resistance state if the applied
magnetic field is lower than a first magnetic field, the
plurality of magnetoresistive effect elements being in a
second resistance state having a resistance greater than a
resistance of the first resistance state if the applied magnetic
field is higher than the first magnetic field and lower than a
second magnetic field, and the plurality of magnetoresistive
effect elements being in a third resistance state having a
resistance less than the resistance of the second resistance
state if the applied magnetic field is higher than the second
magnetic field,

the method comprising:

increasing a magnetic field applied to the plurality of

magnetoresistive effect elements to obtain an applied
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magnetic field at a time of shifting for a specific
magnetoresistive effect element first shifted from the
first resistance state to the second resistance state;

increasing the magnetic field applied to the plurality of
magnetoresistive effect elements up to a maximum
applied magnetic field higher than the applied magnetic
field at the time of shifting;

defining a group of the plurality of magnetoresistive effect
elements, the group comprising the specific magnetore-
sistive effect element and a magnetoresistive effect
element shifted from the first resistance state to the
second resistance state by arrival to the maximum
applied magnetic field; and

obtaining magnetic characteristics for each of the plurality
of magnetoresistive effect elements in the group by
applying a magnetic field decreasing from the maxi-
mum applied magnetic field after the magnetic field is
increased up to the maximum applied magnetic field.

13. The method of claim 12, wherein

a magnetization direction of the storage layer is parallel to
a magnetization direction of the reference layer in the
first and third resistance states, and

the magnetization direction of the storage layer is anti-
parallel to the magnetization direction of the reference
layer in the second resistance state.

14. The method of claim 12, wherein

the specific magnetoresistive effect element is kept in the
second resistance state when the maximum applied
magnetic field is applied.

15. The method of claim 12, wherein

the obtaining the magnetic characteristics comprising
obtaining a magnetic hysteresis characteristics.

16. The method of claim 12, further comprising:

increasing a magnetic field applied to the plurality of
magnetoresistive effect elements which do not belong
to the group to obtain a new applied magnetic field at
a time of shifting for a new specific magnetoresistive
effect element first shifted from the first resistance state
to the second resistance state;

increasing the magnetic field applied to the plurality of
magnetoresistive effect elements which do not belong
to the group up to a new maximum applied magnetic
field higher than the new applied magnetic field at the
time of shifting;

defining a new group of the plurality of magnetoresistive
effect elements which do not belong to the group, the
new group comprising the new specific magnetoresis-
tive effect element and a magnetoresistive effect ele-
ment shifted from the first resistance state to the second
resistance state by arrival to the new maximum applied
magnetic field; and

obtaining magnetic characteristics for each of the plurality
of magnetoresistive effect elements in the new group by
applying the magnetic field decreasing from the new
maximum applied magnetic field after the magnetic
field is increased up to the new maximum applied
magnetic field.

17. The method of claim 12, wherein

the plurality of magnetoresistive effect element further
comprise a shift cancelling layer, and

the reference layer is provided between the tunnel barrier
layer and the shift cancelling layer.

18. The method of claim 12, wherein

the plurality of magnetoresistive effect elements further
comprise a shift cancelling layer, and

the storage layer is provided between the tunnel barrier
layer and the shift cancelling layer.
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19. The method of claim 12, further comprising

producing the plurality of magnetoresistive effect ele-
ments before the obtaining the applied magnetic field at
the time of shifting for the specific magnetoresistive
effect element.

20. The method of claim 12, further comprising

producing a plurality of new magnetoresistive effect ele-
ments based on the obtained magnetic characteristics
after the obtaining the magnetic characteristics.

21. The method of claim 12, further comprising

adjusting an operation parameter of the plurality of mag-
netoresistive effect elements based on the obtained
magnetic characteristics after the obtaining the mag-
netic characteristics.
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